External differential reflection measurements were carried out on clean Si(100) and (110) surfaces in the photon energy range of 1.0 to 3.0 eV at 300 and 80 K. The results for Si(100) at 300 K showed two peaks in the joint density of states curve, which sharpened at 80 K. One peak at 3.0 f 0.2 eV can be attributed to optical transitions from a filled surface states band near the top of the valence band to empty bulk conduction band levels. The other peak at 1.60 * 0.05 eV may be attributed to transitions to an empty surface states band in the energy gap. This result favours the asymmetric dimer model for the Si(100) surface. For the (110) surface at 300 K only one peak was found at 3.0 f 0.2 eV. At 80 K the peak height diminished by a factor of two. Oxygen adsorption in the submonolayer region on the clean Si(100) surface appeared to proceed in a similar way as on the Si(ll1) 7 X 7 surface. For the Si(ll0) surface the kinetics of the adsorption process at 80 K deviated clearly. The binding state of oxygen on this surface at 80 K appeared to be different from that on the same surface at 300 K.
Introduction
In the last few years the Si(100) surface has been the subject of a number of theoretical and experimental studies. With advanced computer techniques it has now become possible to calculate the density of states as a function of energy in the neighbourhood of a surface, not only for ideal but also for simply reconstructed surfaces. This was carried out for the Si(100) surface [l-4] , for which a (2 X 1) structure has been found in several LEED experiments [5- 71. Structural models were tested by comparing experimental data from UPS and/or optical measurements (such as ellipsometry and reflectometry) with band stru,cture calculations and fitting the results of dynamical calculations of LEED intensities to measured intensity-voltage spectra. For Si(lO0) surfaces at 300 K several surface structures have been reported [12, 13] . Up to now no detailed band structure calculations have been made for the reconstructed Si( 110) surface.
In continuation of earlier results on the clean Si(ll1) 7 X7 surface [14] , we carried out differential reflection measurements on clean Si(lO0) and (110) at 300 and 80 K. Comparison of the sample characteristics before and after adsorption of an oxygen monolayer presented information about optical transitions due to surface states at the clean surface. The results were collated with band structure calculations for the Si(l~) reconstructed surface. The oxygen adsorption kinetics on the (100) and (110) surfaces at 300 and 80 K were also investigated and compared with the results for Si(ll1) 7 X 7 [ 141.
Experimental
The silicon samples (10 X 30 X 0.2 mm) used were made out of 10 ti cm p-type boron-doped crystals ((100) and (110) orientation within 0.5") purchased from Siltronix. The measuring procedures and the UHV system, used for the experiments, have been previously described [ 141.
The measurements on the Si( 100) surfaces were carried out with the differential re~ectometer of which the description was given in ref.
[ 141. The electronic part of this reflectometer was an analog system, in which a lock-in amplifier was employed for handling the detector signal. With this system, we could not scan the wavelength during a measurement because of the relatively long integration times needed for sufficient sensitivity and the long-term drift of the analog devices. To solve this problem we automatized the electronic part of the reflectometer with the help of a microprocessor. The monochromator is also controlled by the processor. It is thus possible to scan the wavelength automatically during a reflection experiment. Details of this system will be described elsewhere [ 151. The sensitivity of the automatic differential reflectometer in the photon energy range of 1 .O to 3.0 eV in terms of the relative difference in reflectivity AR/R is I X 10T4. The long-term stability during periods of 12 h and longer is 3 X 10-4. Earlier results on Si(l11) 7 X 7 [14j were checked by the automatic reflectometer in the photon energy range of 1.5 to 3.0 eV. Agreement was found within experimental error.
3. Surface states at the clean Si(100) and (I 10) surfaces
RefZectivity measurements
The surface contribution was determined from the data by measuring the relative difference in reflectivity [ 161
between a thermally cleaned silicon surface, containing numerous surface states (x1015 cm-") and the same surface covered with a monolayer of oxygen and a drastically decreased number of states (~10'~ cm-'). The measurements on the Si(lO0) surfaces were performed with the manual reflectometer at photon energies The results of several experiments on two different Si(100) sample surfaces were averaged and are given in fig. la. Fig. lb shows the results for the Si(ll0) surface. The curves were obtained by averaging several measurements on the same sample.
Surface state transitions
AS for Si(ll1) 7 X 7 [ 141, the dielectric layer model of Meyer et al.
[ 171 was used for the interpretation of the reflectometric data. In this model, the electronic states, characteristic for the clean surface region, are represented by an absorbing layer of complex dielectric constant Css and thickness CE,,, which is much smaller than the wavelength h of the incident light beam. It is assumed that oxygen adsorption replaces the surface states layer on the bulk substrate (@,) by an adsorbed layer of oxygen (S,,). The imaginary part of the complex dielectric constant of the surface states layer was calculated from the measured values of AR/R by using the relation of McIntyre and Aspnes [ 181 at normal incidence:
since the influence of the oxygen layer on AR/R in the energy range of 1 .O to 3.0 eV was calculated to be smaller than 2 X 10m4 and thus negligible. Analogous to Meyer et al.
[ 171, we took d,, = 0.5 nm. In figs. 2a and 2b the results of the calculations are given for the Si( 100) and (1 IO) surfaces, respectively. The room temperature curve of fig. 2a shows two peaks, which sharpen at 80 K. At 80 K the heights of the peaks were approximately 15% smaller than at 300 K, For the Si(ll0) surface at 300 K only one peak was found in the energy range studied. In contrast to expectations based on the results for the Si(lO0) and (111) 7 X 7 surfaces and on theoretical speculations, this peak did not clearly sharpen at 80 K. However, the height of the peak diminished by a factor of two with respect to the value at 300 K. The room temperature results for Si(100) and (110) are in reasonable agreement with the ellipsometric data of Meyer et al. [17, 19] .
The reflectometric data give information about optical transitions between filled and empty electronic states, in which at least one type of states is characteristic for the sample surface. The joint density of states, which is proportional to (h~)~ Im(& -&), can be calculated from the curves of figs. 2a and 2b. The maxima in the joint density of states for the Si(lO0) surface occurred at 3.0 + 0.2 eV and 1.60 + 0.05 eV, both at 300 and 80 K; that at 3 .O eV was found by extrapolation. The maximum for the Si( 110) surface could also be localized at 3.0 f 0.2 eV. The maxima for the Si( 11 I) 7 X 7 surface were positioned at 2.9 + 0.1 eV and 1.76 f 0.04 eV [ 141. Within experimental error the position and height of the main peak at 3.0 eV appears to be the same for all measured silicon surfaces at room temperature within experimental error. For a good comparison the heights of the peaks were corrected for the orientation dependent number of surface atoms per unit surface area. The peaks at 3 eV can be attributed to optical transitions from a surface states band near the top of the valence band to bulk conduction band levels [20] . In contrast, the position of the second peak is strongly dependent on the orientation and structure of the surface. For the (110) surface a second peak was neither found in the photon energy range of 1 .O to 3.0 eV, nor in the infrared region down to 0.5 eV, as for the cleaved Siflll) 2 X I surface [21] . Earlier LEED experiments on clean Si(1 IO) surfaces revealed several possible surface structures at room temperature [ 12,131. In our experiments we were not able to check the structure of the clean (110) surface by LEED. After a heating period of 20-30 s at 1150°C our samples were rapidly cooled. This has probably resulted in a (5 X 1) structure at 300 K [ 131. Experiments on slowly cooled samples, giving another surface structure according to Olshanetsky et al. [13] , gave the same results within experimental error.
In chemical adsorption experiments on clean semiconductor surfaces the band bending at the surface is expected to be changed as a result of a charge redistribution. This might cause a change in the optical parameters due to the Franz-Keldysh effect [22] . From electroreflectance experiments [23] , the critical points in the bulk optical structure for silicon were found to be positioned above 3 eV. Therefore, electric field effects will not have a noticeable influence on the shape of the above-mentioned curves in the photonenergy region up to 3.0 eV.
Structural models for the Si( 100) surface
With LEED [S- 7, 24] and He diftraction measurements [25] , two superstructures have been observed for clean Si(lO0) surfaces, namely (2 X 1) and a c(4 X 2) structure. A number of models has been proposed for the (2 X 1) structure of the Si(100) surface; a review is given in table 1. Also shown is the extent of agreement of the model calculations with LEED data and integral and angular resolved photoemission spectra. The symmetric dimer models are in good agreement with integral photoemission experiments [31] , but give a metallic surface electronic structure which is in disagreement with angular resolved photoemission experiments [32] . In order to fit the dynamical model calculations for the (2 X 1) structures to the measured LEED spectra, subsurface distortions have to be introduced. The asymmetric or ionic dimer model [3] results in a semiconductor surface electronic structure with a gap of approximately 0.8 eV. Up to now this appears to be the only model that is in reasonable agreement with all experimental results. The highest filled surface states for the five-layer relaxed ionic dimer model form a band from approximately 1.3 to 0.2 eV below the bulk valence band maximum, whereas a band of empty surface states is formed from approximately 0.6 to 1 .O eV above it.
The asymmetric dimer model is also in qualitative agreement with our present reflectometric data and earlier ellipsometric results [19] . The high-energy peak in the curves of fig. 3 can be assigned to optical transitions from the filled surface states band near the top of the valence band to empty bulk conduction band levels in the same way as was proposed for the main peak from the reflectometric experiments on the Si( 111) 7 X 7 surface [ 141. The low-energy peak may be attributed to transitions to an empty surface states band in the gap region. The maximum in the joint density of states at 1.6 eV agrees with the above-mentioned band structure calculations for the asymmetric dimer model.
Effects of oxygen adsorption at 300 and 80 K

Si(lO0)
The disappearance of the high-energy peak at 300 and 80 K upon oxygen pressure is shown in fig. 3a . The curves were obtained by averaging the results of several adsorption experiments on two different samples at oxygen inlet pressures in the range of lo-' to 10m7 Torr. They show a linear increase of AR/R as a function of the oxygen exposure up to 80-90s of the saturation coverage. The sticking coefficients in this region appeared to be independent of the oxygen pressure. During the adsorption experiments, the ion pump was in operation, but the ionization gauge was turned off. Control experiments showed that for oxygen pressures lower than 2 X 10e7 Torr, the pressure remained constant for the duration of the experiment. As a result, this could be measured afterwards. Replacing the ion pump by a turbomolecular pump, appeared to have no significant influence on the adsorption kinetics of oxygen on the Si(100) surface.
The saturation coverage is assumed to be the same as for the (111) surface [35] , being one oxygen atom per silicon surface atom. This assumption is favoured by earlier results with LEED, UPS, ELS [36] and AES [37] , which showed no significant differences between the (11 l), (100) and (1lO)silicon surfaces, covered with oxygen. The sticking coefficient (s) was determined with:
where p is the pressure in Torr, t the exposure time, 0 the fractional coverage, ye the number of molecules that strike a unit area of the surface per unit time and unit pressure (ve = 3.48 X 1020/cm2 . s . Torr for oxygen molecules at 300 K) and No the number of surface sites for a molecule (No = 3.39 X 10r4/cmZ for Si(100)). The sticking coefficient up to 80% of the saturation coverage at 300 K was calculated to be:
This values is in reasonable agreement with earlier values from LEED (s = 0.02 [5] ) and ellipsometry (s = 0.02 [37] ). For the Si( 111) 7 X 7 surface at 300 K we calculated a sticking coefficient of the same order of magnitude (s = 0.08 [ 141).
From the curves of fig. 3a it appears that at 80 K the oxygen adsorption on Si(lO0) takes place about twice as fast as at 300 K. This is in qualitative agreement with the results for the Si(ll1) 7 X 7 surface [ 141. As has also been found by ELS measurements [36] the adsorption kinetics for oxygen on Si(lO0) and Si(ll1) 7 X 7 are very similar.
Si(ll0)
The disappearance of the peak for the Si(ll0) surface at 300 and 80 K upon exposure to oxygen is shown in fig. 3b . The curves were obtained by averaging the results of several measurements on the same sample at different oxygen inlet pressures (10-s to 10e7 Torr). Again assuming a saturation coverage of one oxygen atom per silicon surface atom, the sticking coefficient up to 80-90% of the saturation coverage (linear part of the curve) for oxygen adsorption on the rapidly cooled Si(ll0) surface at 300 K appeared to be:
This value is of the same order of magnitude as those found for the Si(100) and (111) 7 X 7 surfaces. The room temperature behaviour of the three surfaces with respect to oxygen adsorption appears to be similar. However, the (110) surfaces deviates clearly at 80 K. In contrast to the (111) 7 X7 and (100) surfaces, the oxygen adsorption on thermally cleaned Si( 110) at 80 K proceeds more slowly than at 300 K. In addition, AR/R at saturation coverage is approximately half that at room temperature. In order to obtain more information about the nature of the low-temperature effects an additional experiment was carried out.
Having reached the saturation value for AR/R at 80 K in an adsorption experiment, oxygen inlet was stopped and the pressure was reduced down to approximately low9 Torr without observing a change in AR/R. Subsequently the sample was heated resistively to 300 K for a few minutes and rapidly cooled to 80 K again. After a stabilization period, AR/R appeared to have increased compared to the situation before the heating cycle. A second heating cycle caused no further significant change. The new saturation value for AR/R was approximately equal to that found in the adsorption experiments at 300 K. A heating period of a few minutes at a base pressure of 10e9 Torr (oxygen partial pressure <5 X lo-" Torr) is too short to cause noticeable extra oxygen adsorption during the heating cycle at 300 K with a concomitant change in AR/R. We therefore conclude that the binding state of oxygen on Si(ll0) at 80 K is different from that at 300 K and that the saturation coverage is the same. The irreversible transition from the low-temperature state to the room temperature state can be achieved by raising the temperature of the sample during a few minutes.
Conclusions
From the present reflectometric study of surface state transitions and oxygen adsorption on clean Si( 100) and (1 IO) surfaces and earlier results for the Si( 111) 7 X 7 surface we may conclude: (a) The position of the main peak at 3.0 eV is the same for the Si(ll1) 7 X7, (100) and (110) surfaces. This is also true for the corrected height at 300 K. At 80 K the Si(ll0) surface deviates clearly; the measured peak height at that temperature diminished by a factor of two with respect to the value at 300 K. (b) The position of the second peak is strongly dependent on the orientation and structure of the surface. For the Si(ll0) surface no second peak was found in the photon energy region from 0.5 to 3.0 eV. (c) The sticking coefficients for oxygen adsorption on all measured surfaces appeared to remain constant up to coverages in the order of BO-90% of a monolayer. This is in favour of a model, in which the oxygen adsorbs in a weakly bound mobile precursor state [38, 39] , before it is chemisorbed on the surface. The sticking coefficients at 300 K are of the same order of magnitude. At 80 K, the sticking coefficients for the chemisorption of oxygen on the (111) 7 X 7 and (100) surfaces appeared to increase with respect to the values at 300 K. Again, the behaviour of the (110) surface deviated clearly. At 80 K, oxygen adsorbed in a low-temperature binding state which differed from that at 300 K.
